Background and Purpose-We sought to characterize the spatial and temporal evolution of human cerebral infarction.
C erebral infarction after ischemic stroke involves a complex series of pathophysiological changes that evolve in time and space. Hypoperfused, hypoxic, but initially viable tissue is progressively transformed to infarction as a result of a time-dependent cascade of functional and metabolic changes induced by ischemia. 1 Investigators using serial multitracer PET studies in middle cerebral artery (MCA) occlusion stroke models in cats and baboons have shown that transformation of the potentially reversible region to irreversible injury is a dynamic process both temporally and spatially, with infarct expansion occurring from the center to the periphery of the ischemic region, reaching a maximum volume 24 hours or later after occlusion. 2, 3 Therapeutic strategies to limit infarct size and improve functional outcome after acute stroke are aimed at rescuing this potentially reversible ischemic region. 4 In humans, infarct expansion at the expense of potentially viable tissue has been documented even 24 hours after stroke onset. 5 However, the temporal evolution and spatial topography of this potentially salvageable region have not been systematically characterized in humans. 6 This is of importance because the impact of tissue salvage on clinical outcome may depend on the location of this region as well as its volume.
Here, we characterize the geographical distribution and evolution of tissue with increased uptake of 18 Ffluoromisonidazole ( 18 F-FMISO), a 2-nitroimidazole derivative that is selectively trapped in hypoxic viable cells in patients with acute stroke. 7, 8 The heterogeneous topography of infarcts in humans precludes simple comparison of the spatial extent of hypoxic tissue between stroke patients. We have implemented an objective and reproducible technique of mapping the 3-dimensional spatial extent of hypoxic tissue ("penumbragram") relative to predefined regions within the patient's final infarct. Using this method, we collated topographic data from different patients scanned at different intervals after stroke onset. The method was applied to acute stroke patients with hypoxic tissue identified by 18 F-FMISO PET to provide insight into its spatial and temporal evolution.
Subjects and Methods

Subjects
Patients were recruited from the acute stroke unit at the Austin & Repatriation Medical Center (Melbourne, Australia). The Human Research Ethics Committee of the hospital approved the study protocol. Written informed consent was obtained from the subjects or their next of kin. Inclusion criteria for the study were (1) symptoms and signs of an acute hemispheric stroke, (2) 18 F-FMISO PET study performed within 48 hours of onset demonstrating Ͼ1 mL hypoxic tissue, and (3) MCA territory stroke on delayed CT. The time of onset was determined from the patient or witnesses. In the case of waking deficit, the midpoint between the time of waking and the last time that the patient was known to be neurologically normal (eg, time of going to bed) was used. The interval from stroke onset to the time of tracer injection was used to group subjects into 4 time epochs: Ͻ6, 6 to 16, 16 to 24, and Ͼ24 hours. All patients had standard clinical management at the discretion of the treating neurologist. No patients received thrombolytic or neuroprotective agents. The control group comprised approximately age-matched normal subjects with no history of stroke or transient ischemic attack and with normal brain CT scans.
Imaging Protocol
Thirty-minute scans were performed on an ECAT 951/31R PET scanner (Siemens/CTI Inc) 2 hours after intravenous administration of 18 F-FMISO at a dose of 0.05 mCi/kg. Acquisition in 3-dimensional mode yielded 31 image slices 3.37 mm apart with pixel dimensions of 2.34 mm in the x and y planes, a transverse image resolution of 6.5 mm, and an axial resolution of 4.5 mm. Correction for tissue attenuation of 511 KeV ␥-radiation was measured with a 10-minute 2-dimensional transmission scan acquired with retractable 68 Ga/ 68 Ge sources. CT scans comprising contiguous 5-mm-thick slices were performed on a Picker PQ 2000 scanner. All patients underwent an initial noncontrast cranial CT to exclude cerebral hemorrhage and a second scan 7 to 10 days after stroke onset to define the infarct volume (IV).
Image Analysis
Image analysis was performed with in-house software implemented for MATLAB (Mathworks Inc). Postprocessing time for PET images averaged 20 minutes per patient. All image data sets were transformed into standard coordinate space with the Automated Image Registration software package (AIR 3.0 9 ). The FMISO PET and CT templates comprised the average of 15 healthy subjects previously registered to standard stereotaxic coordinate space. 10 The 18 F-FMISO images were normalized by the mean activity in the contralateral hemisphere and filtered with a gaussian kernel of 6-mm full-width half-maximum to remove high-frequency noise. Statistical parametric maps of 18 F-FMISO tracer uptake were generated for the voxel-wise comparison of each patient with the group of control subjects. The hypoxic volume (HV) was defined as the region of significantly increased (PϽ0.05) 18 F-FMISO uptake, identified with a previously validated method of statistical inference based on the theory of gaussian random fields. 11 The infarct volume (IV) was defined as voxels comprising the hypodense lesion on the late CT scan outlined manually by an experienced observer blinded to the results of the 18 F-FMISO PET.
Penumbragram Construction
The central and peripheral regions of the IV were defined relative to the center of gravity (COG) of the final infarct. The coordinates of the COG in each of the p dimensions (x, y, and z) are given by the following:
where C pi refers to the ith coordinate of dimension p and n C pi refers to the number of voxels within the infarct with that coordinate. The Euclidean distance between each voxel in the IV and the COG was then calculated. Voxels forming the center and periphery of the IV were operationally defined as those with distances less than and greater than the median distance, respectively. Horizontal, coronal, and sagittal planes passing through the COG were used to further subdivide the IV, yielding 16 regions within the IV and 8 regions external to the final infarct. The penumbragram (Figure 1 ) maps the 
Data and Statistical Analyses
Statistical analysis was performed by use of SPSS, version 7.5.
Temporal Evolution of Hypoxic Viable Tissue in Acute Ischemic MCA Territory Stroke
A composite penumbragram was generated for each patient subgroup (Ͻ6, 6 to 16, 16 to 24, and Ͼ24 hours), reflecting the average distribution of the HV at each time interval. To examine the temporal evolution of HV, the distribution of HV within the central region, peripheral region, and regions external to the final infarct was examined by multivariate analysis of covariance (ANCOVA) with regional volume (mL) as the dependent variable, region and time interval as main effects, and total HV (mL) for each patient as a covariate.
Spatial Topography of Hypoxic Viable Tissue in Acute Ischemic MCA Territory Stroke
A composite penumbragram summarizing the distribution of HV in all patients was used to study geographical distribution of hypoxic tissue. Differences in distribution of HV in the superior/inferior, mesial/lateral, and anterior/posterior regions relative to the center of the infarct were examined by ANCOVA with regional volume (mL) as the dependent variable, region as the main effect, and HV (mL) for each patient as a covariate. A Bonferroni correction was applied to correct for repeated measurements.
Results
Nineteen patients (10 men; meanϮSD age, 76.7Ϯ12.5 years; Table 1 ) with acute MCA territory strokes were included in this study. Fifteen subjects (8 men; meanϮSD age, 67.4Ϯ10.7 years) with no history of stroke or transient ischemic attack and with normal brain CT scans formed the control group.
The mean IV for the whole group was 141.8 mL, and mean hypoxic tissue volume was 48.5 mL. A substantial proportion of the final infarct was initially hypoxic and potentially viable (meanϮSD, 32.2Ϯ32.7%; Table 1 ). Four subjects were studied with 18 F-FMISO PET within 6 hours (meanϮSD, 4.8Ϯ0.9 hours), 4 within 6 to 16 hours (meanϮSD, 9.8Ϯ3.3 hours), 5 within 16 to 24 hours (meanϮSD, 20.4Ϯ2.9 hours), and 6 within 24 to 48 hours (meanϮSD, 39.7Ϯ7 hours) of stroke onset. Representative coregistered PET and CT image slices from each patient are shown in Figure 2 .
Temporal Evolution of Hypoxic Viable Tissue in Acute Ischemic Stroke
The temporal evolution of hypoxic tissue is summarized in Figure 3 . ANCOVA showed that there was a significant interaction between the interval from stroke onset to PET scanning and regional distribution of hypoxic tissue (PϽ0.05). Significantly higher HV was observed in the central region of the infarct in the group of patients studied within 6 hours compared with those studied later. In the latter group, significantly higher HV was seen in the peripheral and external regions (PϽ0.005).
Spatial Topography of Hypoxic Viable Tissue in Acute Ischemic Stroke
The spatial topography of HV for patients with MCA territory strokes is summarized in Figure 4 . The distribution of HV in the superior/inferior, mesial/lateral, and anterior/posterior regions relative to the center of the infarct for each patient is shown in Table 2 . ANCOVA with a Bonferroni correction showed that HV was significantly higher in the superior, mesial, and posterior regions (PϽ0.05) in the group of patients with MCA territory strokes.
Discussion
The principal finding of this study was that significantly higher volumes of hypoxic viable tissue were observed in the region corresponding to the center of the infarct in patients studied within 6 hours of stroke onset, whereas in those studied at later times, hypoxic tissue was present mostly in the periphery or external to the infarct. The temporal change in location of hypoxic tissue is consistent with infarct expansion at the expense of hypoxic tissue beginning at the center of the ischemic region and extending to its periphery. Analysis of the spatial topography of the hypoxic tissue in MCA territory strokes revealed a superior, mesial, and posterior predominance, perhaps reflecting the pattern of collateral flow.
Our observation that the hypoxic potentially viable region temporally decreases from the center to the periphery of the infarct in human stroke is concordant with findings from sequential multitracer PET studies in animals. In baboons after MCA occlusion, hypometabolic tissue progressively expanded laterally and posteriorly from the central ischemic region over 24 hours. 3 Reperfusion within 6 hours restricted the infarct to the deep MCA territory. 12 In cats after MCA occlusion, infarct expansion progressed from the center to the periphery of the region with increased oxygen extraction fraction (OEF) over 24 hours. 2 In rats studied by MRI, restricted diffusion was observed 1 hour after MCA occlusion only at the center of the perfusion deficit but at 24 hours encompassed the entire region, which at 1 week showed changes in infarction on histology. 13 These qualitative descriptions are compatible with the concept of dynamic infarct expansion occurring at the expense of the ischemic penumbra. 14 The spatial and temporal evolution of the ischemic penumbra has been assumed to be similar in humans and animals, although this assumption has not been previously tested. 14 In humans, investigators using multitracer PET have identified hypoperfused tissue with preserved energy metabolism, compatible with penumbra in the acute stages after stroke. 15, 16 This tissue was observed predominantly over the cortical mantle and was present on early but not follow-up PET scans. Late CT showed a corresponding area of infarction. Survival of this tissue was associated with a better neurological outcome. 17 Investigators using MRI have described several different patterns of mismatch between perfusion and diffusion abnormalities, reflecting the heterogeneous topography of human stroke. 18 However, this technique has yet to be used to obtain a quantitative evaluation of the temporal evolution of the penumbra.
In this study, analysis of the spatial topography in patients with MCA territory ischemic stroke revealed a predominance of hypoxic viable tissue in the superior, mesial, and posterior aspects of the final infarct. Similar to our findings in humans, in baboons after MCA occlusion, increased OEF was observed on the superior and posterior aspects of the final infarct. 3 Several methodological issues need to be addressed. Mapping the spatial extent of hypoxic tissue to predefined regions relative to the center of the patient's infarct allowed quantitative comparisons between groups of patients. The geographic center would best correlate to the true center in patients with infarcts with convex surfaces, a situation that predominates in MCA infarcts. For infarcts with concave surfaces or irregular shapes, algorithms based on skeletonizing may give a better approximation of the true center of the infarct. Although we describe its use in individuals with single well-defined final infarcts, the algorithm can be applied to each infarcted region in patients with multiple infarcts. Infarct volume measurement on CT using manual tracing is reproducible with low intraobserver and interobserver variability. 19 Infarct volumes were measured on CT scans performed 7 to 10 days after stroke onset because 5 patients had died by the 3-month follow up. Although we cannot exclude that fogging effect may have obscured infarct hypodensity, the infarct contour outlined on the CT done on day 7 to 10 was similar to that on a CT performed later in the subset that survived, suggesting that the effect was minimal. CT scans at 7 to 10 days after stroke onset have been used to measure the IV in clinical trials of acute stroke therapy. 20 Misonidazole is a 2-nitroimidazole derivative that is selectively retained in hypoxic tissue after reduction by cellular reductases and binding to cellular components. 21 This tracer is not retained in normoxic cells in which the molecule is immediately reoxidized and is not available for further reduction and trapping or in irreversibly injured cells in which the enzymes responsible for the initial reduction are compromised. Lythgoe et al 22 studied the relationship between diffusion MRI and autoradiographic markers of hypoxic tissue ( 125 I-iodoazomycin arabinoside, a 2-nitroimidazole derivative with binding characteristics in hypoxic tissue similar to FMISO 23 ) and blood flow ( 99m Tchexamethylpropylene amine oxime) injected 2 hours after MCA occlusion in a rat model of stroke. The area of hypoxic tracer retention and diffusion MRI abnormality corresponded to regions in which blood flow was Ͻ34% of normal. The region with mild hypoperfusion (Ͻ66% but Ͼ34% of normal) that was not recruited to infarction had normal tracer uptake and diffusion, suggesting that hypoxic tracer uptake may discriminate between the ischemic penumbra, where tissue is at risk of infarction, and oligemia, where it is not at risk. Tracer uptake was reduced in the region with a diffusion abnormality and severe hypoperfusion (Ͻ7% of normal). The hypoxic region identified by 18 F-FMISO PET in humans has not been directly compared with multitracer PET; this is an area of current study. In this study, a mean of 32% of the final infarct was initially hypoxic and viable. This is comparable to the observation that penumbral tissue defined by multitracer PET comprised 10% to 52% (mean, 32%) of the final IV. 16 We observed significant amounts of hypoxic tissue in 6 of 28 patients (21%) studied 24 hours after stroke onset. Serial MRI studies in humans have shown substantial infarct enlargement occurring in up to 33% of patients 24 hours after stroke onset. 5 Further studies are necessary to establish whether hypoxic tissue observed at delayed time points after stroke onset retains the capacity for reversibility or is already irreversibly damaged without a potential for recovery. The observation that even at these delayed time points a proportion of hypoxic tissue survived spontaneously without infarction (Figure 2 ) suggests that its fate may not be predetermined. These converging data from animals and humans suggest that after ischemic stroke the geographical distribution and temporal evolution of hypoxic tissue labeled with 18 F-FMISO are likely to mirror the behavior of the ischemic tissue at risk of infarction.
Our observation that the spatial distribution of hypoxic tissue evolves over time, principally involving the central region of the infarct in the first 6 hours, has important clinical and pathophysiological implications. A number of neurobiological factors are likely to explain the spatial and temporal evolution of the penumbra. Susceptibility to ischemia may differ in different parts of the vascular territory according to predominant cell type, vascular architecture, and collateral circulation. In addition, different survival time profiles within compartments in the penumbra may reflect disparate pathophysiological mechanisms leading to infarction, as postulated by Heiss et al. 24 For example, critically hypoperfused tissue within the central ischemic region may have a more rapid evolution to irreversible damage and a shorter therapeutic time window for tissue salvage than tissue bordering this zone, in which additional secondary and delayed cellular mechanisms may underlie progression to cell death.
Reperfusion by thrombolysis has been shown to improve clinical outcome when instituted within 3 and possibly up to 6 hours after stroke onset. 25 In contrast, a variety of neuroprotectants given in isolation up to 24 hours after stroke onset have not shown benefit in humans despite their effectiveness in animal models. Further understanding of the time window during which therapeutic interventions are likely to be effective and the location of the tissue likely to benefit will improve our understanding of when and why acute stroke therapies succeed or fail. Our method of quantifying the spatial location of the penumbra is limited by the unlikely clinical applicability of 18 FMISO PET, but it can easily be adapted to different functional imaging modalities in humans and animal models of stroke to gain further insight into the evolution and spatial location of the penumbra. Improved techniques to rapidly identify the pathophysiological state of tissue threatened by infarction would facilitate patient selection and choice of therapeutic strategy and may extend the therapeutic time window.
Conclusions
This study provides evidence that after ischemic stroke infarct expansion proceeds from the center to the periphery of the ischemic region in humans similar to previous reports from animal experiments. In MCA territory strokes, hypoxic viable tissue is maximal in the superior, mesial, and posterior regions relative to the infarct.
